A finite element model is constructed to analyze the steady heat conduction and thermal stress in a ceramic/FGM/metal composite EFBF plate under convective heat transfer boundary. From numerical calculation, when 1   b a   , T 0 =T a =300K and T b =1 800K,
the steady heat conduction and thermal stress distributions in the plate were obtained. The numerical results show that the temperature distribution in the composite plate is more reasonable with the increase of the FGM layer thickness, and compared with h 2 =2mm the maximum tensile stress of h 2 =6mm reduces by 36.3%. With the increase of M, the temperature on the surface of ceramics reduces by 6.2%, the compressive stress on the metal surface reduces by 28.3%, and the compressive stress on the surface of ceramics increases by 70.2%. With the increase of porosity, there is an abrupt change for temperature at the y 0.48, its value is 875 K, and the change of stress at the interface of the three-layered plate increases, and the tensile stress on the surface of ceramics reaches the maximum. Compared
, the temperature on the surface of metal reduces by 23.9% and the temperature on the surface of ceramics increases by 44.4%, and the stress on the metal surface increases by 148% and the stress on the ceramic surface increases by 165%. Compared with the nongraded two-layered composite plate, the temperature and the thermal stress of the ceramic/FGM/metal composite plate are very gentle and smooth. The results provide the foundations of theoretical calculation for the design and application of the composite plate.
Index Terms-ceramic/FGM/metal composite plate, steady heat conduction and thermal stresses, FEM, convective heat transfer boundary, EFBF mechanical boundary

I. INTRODUCTION
Functionally graded material (FGM) is a new type of inhomogeneous composite material with special bonding characteristics duo to arbitrarily distributed and continuously varied material properties. The advantages of FGM are that such materials can reduce the magnitude of the residual and thermal stresses and increase the strength and fracture toughness. Therefore, FGMs have received considerable attention in the field of structural design subjected to extremely high thermal loading [1] [2] [3] [4] [5] [6] [7] [8] .
Because it is used widely in high temperature working environment such as aviation and nuclear reactor, and so on, it is important to analyze the thermal stress filed of the body made of the material.
Obata [9] [10] and Tanigawa [11] researched thermal stress of pure FGM plate by adopting perturbation and laminated analytical method, respectively. Huang [12] analyzed the thermal elastic limitation of four-layered composite plate with FGM in the middle of the plate. But these methods are too complex so as to lead to a complicated equation system, and are not convenient for engineering application. Therefore, Xu [13] [14] studied the problem of transient thermal stress of pure FGM plate under convective heat transfer boundary and during heating and cooling process by adopting simple NFEM.
Based on the above research work, without loss of generality, we present a model of analysis that is ceramic/FGM/metal composite plate. The new composite plate has the advantages of FGM and composite plate. Such as, the heat-resistant and mechanical properties of the new composite plate are better than those of pure FGM plate, and under the same thickness of plate the fabrication cost of the new composite plate is lower than that of pure FGM plate.
In the present article, starting from the heat conduction law, this paper will discuss the steady thermal stress problem of a ZrO 2 /FGM/Ti-6Al-4V composite EFBF plate under convective heat transfer boundary by the FEM and the Sinpson method. We hope that the analytical results obtained will be more close to actual engineering conditions and to obtain some instructive conclusions for the production and application of ceramic/FGM/metal composite plate.
II. MODEL OF ANALYSIS
As shown in Fig. 1 , we now consider the steady thermal stress field distributions of a three-layered infinitely long composite EFBF plate made of metal (Ti-6Al-4V) and ceramics (ZrO 2 ) with an interlayer of FGM under convective heat transfer boundary. We have the following assumptions. (1) The lower layer of threelayered plate is metal; k m , E m ,  m and  m denote thermal conductivity, Young's modulus, the coefficient of linear thermal expansion and Poisson's ratio of the metal layer, respectively, and the layer thickness is h 1 . The middle is continuous and arbitrary variant FGM gradient layer; k(y), E(y), (y) and (y) denote the above material properties of FGM gradient layer, and the layer thickness is h 2 =h FGM .
The upper layer is ceramics; k c , E c ,  c and  c denote the above material properties of ceramic layer, and the layer thickness is h 3. (2) Initially, the plate is under the stressfree status; the initial temperature of the plate is T 0 ; the plate is heated from the lower and upper surfaces by surrounding media with heat transfer coefficients  a and  b , respectively, and we denote the temperature of the surrounding media by constant T a and T b . (3) The periphery of the plate is adiabatic, and there are no heat sources within the plate. Coordinate axis y is chosen as shown in Fig. 1 , and the interfaces between the layers are perfectly bonded at all times. T is temperature function. The material's properties for each same ordinate y are homogeneous and isotropic. Subscripts c and m mean ceramics and metal, respectively. The total thickness of the plate is b =h 1 +h 2 +h 3 and b 1 = h 1 , b 2 = h 1 +h 2 . 
III. HEAT CONDUCTION ANALYSIS
The steady thermal conduction basic equation of the i th layer of the three-layered composite plate is
where k i (y) is the thermal conductivity of per layer of the three-layered composite plate (such as i =1, k 1 (y) = k m , the rest on the analogy of this). Thermal conductivity of the FGM layer is k (y). The convective heat transfer boundary and the conditions of continuity of the temperature in the three-layered composite plate and the heat flux at interfaces are expressed in the following form
When solving the steady heat conduction problem of linear control equations approximately by adopting FEM, we need to establish relevant functional. The paper adopts one-dimensional FEM to solve the above problem. Under the condition of assumption in this paper, the element functional [15] (5.14) of one-dimensional steady heat conduction problem under the convective heat transfer boundary condition is
where  e , k e are convective heat transfer coefficient and the thermal conductivity of the element, respectively, the constant values, and not the function of y, but these values are different for different element. Γ Tˆ is the environmental media temperature, and  is the boundary of given convective heat transfer condition.
Consider bar element, the element length is l e , and two nodes are denoted by i, j. The trial function of temperature field is linear distribution.
where a 1 , a 2 are the unknown constants. The temperature of node r is denoted by Tr ( r = i, j), we have
We have for any element
Then we can write Eq. (7) in matrix form 
The unknown constants a 1 , a 2 in the Eq. (8) can be solved by using of the method of matrix inverse. 
Hence
Substitution of Eq. (10) into Eq. (5) yields the trial function of temperature field:
Then we can write Eq. (11) in matrix form
The T in Eq. (12) is the any point temperature on element e. The ordinate y of the nodes i, j in element e can be written by y i , y j . We have Node j :
We can obtain by solving the first derivative of the trial function T of temperature field in Eq. 
where 
Under the convective heat transfer boundary condition, the finite element basic equation of steady heat conduction in the three-layered composite plate is (see [15] (5.26))
where H, T and Q denote thermal stiffness matrix, unknown node temperature array and node thermal load 
where B j , D j are calculated according to Simpson numerical integration method. It is necessary to illustrate that E, F and B denote elongation, free and bending, respectively. Such as EFBF denotes that the plate can elongate and bend freely.
V. RESULTS AND DISCUSSION
A. Material Properties
To illustrate the foregoing analysis, numerical calculations have been carried out for a ZrO 2 /FGM/Ti-6Al-4V composite plate. The constant properties of ceramics ZrO 2 and metal Ti-6Al-4V are shown in table 1 [10] . The volume fraction V m ( y ), V c ( y ) and porosity P ( y ) in FGM gradient layer are shown as following [10] [11] :
where M is the parameter of the material composition, A is the coefficient of porosity P. The volume fraction V m ( y ) under different M values is shown in Fig.2 .
Position b y y /  The material properties of the FGM gradient layer are given in the following form [10] : 
where , 0 k 0 E , 0  and 0  denote thermal conductivity, elastic modulus, thermal expansion coefficient and Poisson's ratio determined from the mixture rule, respectively.
B. Basic Parameters
The plate thickness b is 10 mm, and h 1 = h 3 in this paper. The finite element mesh of the ceramic/metal composite plate with FGM is divided into 1 280 elements and 1 282 nodes under convective heat transfer boundary condition, the smallest side length of the element is 0.015625 mm, T 0 = 300K.
C. Inspecting Validity of Method
The relative convective heat transfer coefficients on the lower and upper surfaces are denoted by  
, this corresponds to the fact that a  and b  tend to infinity, so we can introduce the first heating boundary condition. Tables II and III show the inspecting results of heating steady temperature fields obtained from two different methods. From tables II and III, we know that the research method and numerical results in this paper are correct and reliable for the steady temperature fields. Fig.3 shows the parameters and the heating steady thermal stress distribution that solved in this paper, and Fig.4 shows the parameters and the heating transient thermal stress distribution that solved in reference [10] . When the lower and upper surfaces are heated, compared with Fig.4 , the steady thermal stress field distribution (t = 32 s) of Fig.3 , as the whole, according to the method in this paper, we can know: the shape, bending degree, changing trend of the thermal stress curve and thermal stress value of corresponding points that obtained by the two methods are uniform apparently. So the research method and numerical results are correct and reliable for the steady thermal stress fields, and this proves the validity of the method in reference [10] at the same time.
Position b y y /  Fig. 5 shows the effect of the FGM layer thickness on temperature. We can know from Fig. 5 that the total change trend of the temperature in the composite plate is that the temp er atur es change fr o m the smaller temperature in the metal layer to the larger temperature in the ceramic layer. In the metal and ceramic layers, the temperature figures are almost incline straight lines. The gradient of temperature curves in the metal layer is smaller than that of temperature curves in the ceramic layer obviously. But in the FGM layer, the temperature figure is curve, with the increase of the FGM layer thickness, the temperature curves tend to gentle and the temperature distribution in the composite plate is more reasonable. It is noteworthy that the maximum temperature value in the metal surface is 524.2 K and the maximum temperature value in the ceramic surface is 1 012K. Above regular phenomenon is induced by adopting convective heat transfer boundary condition. Fig. 6 shows the effect of the FGM layer thickness on thermal stress. We can know from Fig. 6 , in the metal and ceramic layers, the thermal stress figures are almost incline straight lines and the slope of each curve is slightly different. But in the FGM layer, the thermal stress figure is curve and the thermal tensile stress reaches the largest. The compressive stress on the metal surface reaches maximum when h 2 =2mm. The compressive stress on the metal surface reaches minimum when h 2 =6mm. In one word, with the increase of the FGM layer thickness, the thermal stress curves tend to gentle and the stress distribution in the composite plate is more reasonable, and the largest tensile stress of the EFBF composite plate reduces by 36.3%, and also the compressive stress on the metal surface reduces by 17.6%. Fig. 7 shows the effect of the FGM layer composition on temperature. We can know from the comparison in the curves of Fig.7 that when M=0.2 (curve 1) the temperature reaches the minimum on the metal surface, and the maximum on the surface of ceramics. Also, when M=1(curve 2), the temperature curve is comparative gentle and smooth, the temperature gradient is between curves 1 and 3, and the temperature distribution in the composite plate is more reasonable. When M=5 (curve 3) the temperature reaches the maximum on the metal surface, and the minimum on the surface of ceramics. In one word, with the increase of M, the temperature on the 
D. Effect of FGM Layer Thickness
E. Effect of FGM Layer Composition
metal surface increases by 3.8%, and the temperature on the surface of ceramics reduces by 6.2%. Fig. 8 shows the effect of the FGM layer composition on thermal stress. We can know from the comparison in the curves of Fig. 8 that when M=0.2 (curve 1) the compressive stress reaches the largest on the metal surface, and the minimum on the surface of ceramics. Also, when M=1(curve 2), the thermal stress curve is comparative gentle and smooth, the thermal stress gradient is between curves 1 and 3, and the stress distribution in the composite plate is more reasonable. When M=5 (curve 3) the compressive stress reaches the minimum on the metal surface, and the maximum on the surface of ceramics. In one word, with the increase of M, the compressive stress on the metal surface reduces by 28.3%, and the compressive stress on the surface of ceramics increases by 70.2%. 
F. Effect of FGM Layer Porosity
We select the air thermal conductivity rate ka=0.02757 W/m· K. Fig.9 shows the effect of the FGM layer porosity on temperature. When A=0 (curve 1), the temperature curve is gentle and smooth, and the temperature reaches the minimum on the surface of ceramics, its value is 521K, the maximum on the metal surface, its value is 1 007.6 K. When A=3.99 (curve 5), the variations of the temperature curve becomes big obviously, but the temperature curve is gentle and smooth at the bonding interfaces of the three-layered plate, and there is a abrupt change for temperature at the y 0.48, its value is 875 K, and the temperature reaches the maximum on the surface of ceramics, its value is 1 475.5 K, the minimum on the metal surface, its value is 380.7 K. It is noteworthy that compared with A=0, when A=3.99, the maximum temperature on the surface of ceramics increases by 46.4 %, and the maximum temperature on the surface of metal reduces by 26.9%. Fig. 10 shows the effect of the FGM layer porosity on thermal stress. When A=0 (curve 1), the thermal stress curve is gentle and smooth, and the compressive stress reaches the maximum on the surface of ceramics, the minimum on the metal surface. When A=3.99 (curve 5), the variations of the thermal stress curve at the bonding interfaces of the three-layered plate becomes big obviously, and the curves appear sharp angle, and the maximum tensile stress value of curve 5 at the interface between metal layer and FGM layer is 9.76 times that of curve 1, and compressive stress on the metal surface increases by 61.9%. It is noteworthy that the tensile stress on the surface of ceramics reaches the maximum. Because it is weak in tension, so the large tensile stress is unfavorable to the strength of ceramics. Fig. 11 shows the effect of the different composite plate on temperature. In the metal layer, the variation law of the temperature curves of two composite plate is similar, and the temperature figures are almost incline straight lines, and the gradient of temperature curves is almost same. But, in the ceramic layer, although the temperature figures of two composite plate are almost incline straight lines, the gradient of temperature curves is different, the gradient of temperature curve 1 in the nongraded two-layered composite plate is larger than that in the temperature curve 2 of the ceramic/metal composite plate with an interlayer of FGM. It is noteworthy that the temperature variation at the bonding interface in the nongraded two-layered composite plate becomes large, as shown in curve 1, and the curve appears obtuse angle. Compared with curve 2, the curve 1 of the ceramic/metal composite plate with an interlayer of FGM is very gentle and smooth. Fig.12 shows the effect of the different composite plate on thermal stress. In the ceramic and metal layers, the whole variation law of thermal stress curves 1 and 2 is similar, although the temperature figures of two composite plate are almost incline straight lines, the gradient of temperature curves is different. But the thermal stress variation at the bonding interface in the nongraded two-layered composite plate becomes large, as shown in curve 1, and the curve appears sharp angle and reaches peak value. Compared with curve 1, the thermal stress curve 2 of the ceramic/metal composite plate with an interlayer of FGM is very gentle and smooth, and the maximum tensile stress reduces by 49.2%.
G. Effect of Different Composite Plate
Position b y y /  Figure 11 . Effect of different composite plate on temperature field. Fig. 13 shows the effect of the convective heat transfer coefficient on temperature. With the increase of the convective heat transfer coefficient, the variations of temperature curves become big, and the temperature curve 1 is more gentle and smooth than curve 2, and the slope of the curve 2 is bigger than that of curve 1 obviously. Compared with the curve 1, in the curve 2, the temperature on the surface of metal reduces by 23.9%, and the temperature on the surface of ceramics increases by 44.4%. Fig. 14 shows the effect of the convective heat transfer coefficient on thermal stress. With the increase of the convective heat transfer coefficient, the variations of thermal stress curves become big, and the thermal stress curve 1 is more gentle and smooth than curve 2, and the slope of the curve 2 is bigger than that of curve 1 obviously. Compared with the curve 1, in the curve 2, the maximum compressive stress on the surface of metal increases by 148%, and the maximum tensile stress at the interface between FGM layer and ceramic layer increases by 61.8%, and the maximum compressive stress on the surface of ceramics increases by 165%. 
H. Effect of Convective Heat Transfer Coefficient
IV. CONCLUSIONS
We select a three-layered ceramic/metal composite EFBF in finite long plate with an interlayer of FGM as analytical model. The thermal boundary condition that we consider is convective heat transfer. According to thermoelasticity theory, we derive the finite element basic equation of the one-dimensional heat conduction of the composite plate by using of variational principle. We present a Sinpson method for the solution of steady thermal stress formulas of the composite plate. Using FORTRAN language we design the calculation software to obtain numerical results. From numerical calculation, , T 0 =T a =300K and T b =1 800K, the thermal stress distributions and the effect factors are discussed. The numerical results are as follows.
(1) With the increase of the FGM layer thickness, the temperature distribution in the composite plate is more reasonable and compared with h 2 =2mm the tensile stress of h 2 =6mm reduces by 36.3%.
(2) With the increase of M, the temperature on the surface of ceramics reduces by 6.2%, the compressive stress on the metal surface reduces by 28.3%, and the compressive stress on the surface of ceramics increases by 70.2%.
(3) With the increase of porosity, there is a abrupt change for temperature at the y 0.48, its value is 875 K, and the change of stress at the interface of the threelayered plate increases, and the tensile stress on the surface of ceramics reaches the maximum.
(4) Compared with
, the temperature on the surface of metal reduces by 23.9% and the temperature on the surface of ceramics increases by 44.4%, and the stress on the metal surface increases by 148% and the stress on the ceramic surface increases by 165%.
(5) Compared with the nongraded two-layered composite plate, the temperature and the thermal stress of the ceramic/FGM/metal composite plate is very gentle and smooth..
